The glutamine synthetase of Bacillus licheniformis has been obtained at about 15% purity. Sucrose gradient centrifugation gave a molecular weight value of approximately 612,000. The amide and a-amino nitrogen atoms of glutamine may be utilized in diverse pathways leading to the formation of a variety of metabolites (8, 12). Therefore, the synthesis of glutamine catalyzed by glutamine synthetase represents a complex metabolic branch-point and thus imposes special requirements for an effective means of control. In studies with the glutamine synthetase of Escherichia coli (13), evidence was presented for a unique type of end-product control, viz., cumulative feedback inhibition. When tested individually, eight end products of glutamine metabolism cause limited degrees of inhibition. However, they appear to act independently of each other, so that in mixtures their effects are cumulative.
The amide and a-amino nitrogen atoms of glutamine may be utilized in diverse pathways leading to the formation of a variety of metabolites (8, 12) . Therefore, the synthesis of glutamine catalyzed by glutamine synthetase represents a complex metabolic branch-point and thus imposes special requirements for an effective means of control. In studies with the glutamine synthetase of Escherichia coli (13) , evidence was presented for a unique type of end-product control, viz., cumulative feedback inhibition. When tested individually, eight end products of glutamine metabolism cause limited degrees of inhibition. However, they appear to act independently of each other, so that in mixtures their effects are cumulative.
A survey of 10 diverse microbial types (3) On the other hand, two organisms, Bacillus cereus and B. licheniformis, exhibit atypical patterns of feedback regulation. For example, the glutamine synthetase of these organisms is markedly inhibited by glutamine; moreover, certain pairs of end products [viz., adenosine-5'-monophosphate (AMP) and glutamine or AMP and histidine] act synergistically to inhibit glutamine synthetase activity. This study was undertaken to characterize further the glutamine synthetase of B. licheniformis.
MATERIALS AND METHODS
Enzyme assay. Glutamine synthetase activity was measured both by the production of orthophosphate (Pi) in the biosynthetic reaction (equation 1) and by the production of Sy-glutamylhydroxamate in the glutamyl transfer reaction catalyzed by the enzyme (equation 2) . The assay conditions were similar to those which were previously described (3, 12 (12) or Saccharomyces cerevisia (4) with a readily available nitrogen source causes a repression of glutamine synthetase.
Purification of glutaminie synthetase. The purification procedure was similar to that used for the purification of E. coli glutamine synthetase (12) but differs sufficiently in detail to warrant a description. Unless otherwise indicated, all steps were performed at 4 C. The buffer used throughout consisted of 0.01 M imidazole and 0.01 M MnCl2, adjusted to pH 7.0 with HCI. The extent of purification was followed with the biosynthetic assay. Protein was determined by the method of Lowry et al. (4) .
Step 1. Freshly harvested cells were suspended in imidazole-Mn buffer and were ruptured by passage through a French press. Cell debris was removed by centrifugation at 20,000 X g for 30 min.
Step 2. To the supernatant fluid from step 1 containing from 10 to 20 mg of protein per ml, 10% by volume of a 10% solution of streptomycin sulfate was added dropwise. After 15 min of equilibration, the mixture was centrifuged and the precipitate was discarded.
Step 3. The precipitate formed between 45 and 60% saturation of ammonium sulfate was collected. This pellet was resuspended in 10% of the original volume and was dialyzed overnight against 100 volumes of buffer. A precipitate which formed during the dialysis was removed by centrifugation and was discarded.
Step 4. The dialyzed extract was adjusted to pH 4.6 with 1 M acetic acid and centrifuged, and the supernatant fluid was discarded. The precipitate was resuspended in 5% of the original volume, adjusted to pH 7 with 2 N KOH, triturated for 1 hr, and centrifuged.
Step 5. The supernatant fluid from step 4 was adjusted to pH 5.7 with 1 M acetic acid, heated at 60 C for 10 min, cooled, and centrifuged.
Step 6. To the supernatant fluid of step 5, acetone was added to a final concentration of 45% (by volume). The mixture was centrifuged, and the precipitate triturated with buffer (2% of the original volume) for 1 hr and centrifuged.
Step 7. The supernatant fluid of step 6 was adjusted to pH 4.6 with acetic acid and centrifuged. The precipitate was suspended in buffer (1 to 2% of original volume), adjusted to pH 7 with KOH, triturated for 30 min, and centrifuged. The supernatant fluid was dialyzed overnight against 1,000 volumes of buffer. Enzyme preparations were stored at 4 C, and no loss in activity was detected over a 2-month period.
Disc electrophoresis. The disc electrophoresis of proteins was performed by the procedure of Ornstein and Davis according to the instructions provided by Canalco Co., Silver Spring, Md. The 7% gel was used and tris(hydroxymethyl)aminomethane Tris glycine was the developing buffer. For enzyme assays on the polyacrylamide gel, the developed electrophoretogram was added to a beaker containing the reaction mixture for the glutamyl transfer assay. After incubation, ferric chloride reagent was added, and a faint band of hydroxamate was detected in the area of the gel containing the glutamine synthetase.
Sucrose gradienit centrifugation. Sucrose density gradients were prepared and sampled according to the procedure of Martin and Ames (7) . A buffer consisting of 0.01 M imidazole and 0.01 M MnCl2 (pH 7.0) was mixed with the sucrose solutions. Samples were centrifuged for 8.5 hr at 35,500 rev/min in a Spinco model L equipped with a Swinging bucket rotor (SW39).
Reagents. Adenosine-5'-triphosphate (ATP) disodium, cytidine-5'-triphosphate (CTP) disodium, uridine-5'-triphosphate (UTP) sodium salt, L-glutamine (Grade III), and L-glutamine acid-monohydroxamate were obtained from Sigma Chemical Co., St. Louis, Mo. Adenosine-5'-diphosphate (ADP) sodium salt, inosine-5'-triphosphate (ITP) sodium salt, inosine-5'-diphosphate ( (12) . Disc gel electrophoresis of the B. licheniformis preparation showed that the band of glutamine synthetase activity corresponded to about 15 to 30% of the total protein present in the gel. The most successful purification experiment gave a 126-fold purification with 29% recovery of activity. However, the extent of the purification could not be definitely determined, since it was subsequently found that the glutamine synthetase present in crude extracts was not in a fully active state. For example, passage of crude extracts over Sephadex G-25 gave a fourfold increase in specific activity. A possible explanation for the increased activity is that inhibitors were removed by the Sephadex treatment. If so, then it might be assumed that the purification procedure would also result in the removal of the inhibitors and a corresponding increase in specific activity.
Sedimentation on sucrose density gradients. Figure 1A illustrates results obtained when enzyme preparations were subjected to sucrose gradient centrifugation. A single peak of activity was detected with the biosynthetic assay. A low level of glutamotransferase activity corresponded to this peak, and the rate of glutamylhydroxamate formation was markedly enhanced when a high level of glutamate was included in the reaction mixture. The significance of the stimulatory role of glutamate is considered in the accompanying paper (3a) . Figure lB presents results of a sucrose gradient centrifugation of a mixture of B. licheniformis and E. coli glutamine synthetases. The concentrations of these two enzymes in a mixture can be measured by taking advantage of the fact that the B. licheniformis enzyme is completely inhibited by mixtures of glutamine and AMP, whereas the E. coli enzyme is inhibited only 20% by these compounds. Thus, the standard biosynthetic assay measures the activities of both enzymes; however, in the presence of added AMP and glutamine, this assay measures the E. coli enzyme only. Alternatively, the E. coli enzyme can be specifically measured by the standard glutamyl transfer assay since the B. licheniformis enzyme exhibits almost no glutamotransferase activity under the assay conditions employed for this experiment. The inability of the B. licheniformis enzyme to catalyze the transfer reaction is presumably due to the marked inhibition exhibited by glutamine.
The distribution of enzyme activities as measured by these differential assay procedures is shown in Fig. lB. As noted above, the activity detected when the biosynthetic assay was supplemented with glutamine and AMP was attributable to the E. coli enzyme only; the smaller amount of this activity as compared to the total activity (Fig. 3) . With a given concentration of Mn++, the catalytic activity increased with increasing concentrations of ATP up to a maximal value at which the amounts of ATP and Mn++ were about equal; further addition of ATP resulted in inhibition. before (Fig. 3) , optimal activity was attained when the level of ATP was almost equal to the level of Mn++ added, i.e., at 7.5 mm. The open bars in Fig. 4 show the effects of increasing ATP concentration when the same assay mixture was supplemented with 2.5 mm CTP. Under these conditions, the concentration of ATP required for optimal activity was reduced from 7.5 to 5 mM, i.e., by an amount that is equivalent to the amount of CTP added. Similarly, as shown by the cross-hatched bars in Fig. 4 , in the presence of 5 mm CTP, the level of ATP required for optimal activity was 2.5 mm. Thus, as in the preceding instance, the amount of ATP required for optimal activity was reduced by an amount equivalent to the amount of CTP added. In other words, maximal activity of the enzyme was attained when the total amount of nucleotide (ATP + CTP) was The complex interrelationship of ATP and CTP is further illustrated by Fig. 5 , which shows double reciprocal plots of the reaction velocity against ATP concentration at a fixed concentration of Mn++ (7 mM). In the plot with ATP alone, which is described by the solid line in Fig. 5 , a multiphasic curve is obtained with a minimum (corresponding to maximum velocity) occurring at an ATP concentration (7.5 mM) that is nearly equivalent to the concentration of Mn++ added. On the other hand, when the various incubation mixtures were supplemented with CTP to yield a total nucleoside triphosphate (CTP + ATP) concentration of 7.5 mi, the double reciprocal plot gave a straight line from which the apparent Km for ATP was calculated to be 9.4 X 10-4 M. It appears from these data and those presented in Fig. 3 and 4 that a oneto-one complex of ATP and Mn++ (ATP-Mn) is the catalytically active substrate, and that excesses of either Mn++ or ATP are inhibitory, perhaps because they produce secondary complexes that are less active or because they compete with ATP-Mn for the catalytic site. If these assumptions are correct, the activating effect of CTP might be attributable to its capacity to complex with Mn+ and thereby neutralize the inhibitory action of this cation. On the other hand, the inhibitory effect of CTP, observed when the total nucleoside triphosphate level exceeds the Mn++ level, could be explained either by a direct competition of CTP for ATP-Mn at the catalytic site or by its ability to compete with ATP for Mn++. This would lead to a decrease in the level of ATP-Mn and consequently with the formation of free ATP, which in turn could compete with ATP-Mn at the catalytic site. Obviously, other, more complicated interpretations that invoke the existence of multiple nucleotide binding sites (activation, catalytic, and inhibition sites) could also account for the observed effects.
Effect of CTP and divalent cations on the E. coli glutamine synthetase. In contrast to the B. licheniformis enzyme, the glutamine synthetase from E. coli can be activated by Mg+, and, at saturating concentrations of Mg++ (50 mM), the activity is inhibited by CTP (14) . In view of the unusual response of the B. licheniformis enzyme to Mnl and nucleoside triphosphates, it seemed worthwhile to reinvestigate the interrelationship between divalent cation and CTP inhibition for the E. that, when Mg++ was the activating cation, there was a more or less normal saturation response to ATP concentration over the range 0 to 10 mm. Substrate inhibition was observed at concentrations of ATP greater than 10 mM. It is evident that neither the saturation kinetics nor the ATP inhibition is related in a simple way to the ratio of ATP to Mg++ since the latter was always present in excess. Moreover, as can be seen in Table 3 , when Mg++ was the cation, CTP inhibited the enzyme at both high and low concentrations of ATP. These results are in accord with the earlier conclusion (14) that CTP is a specific feedback inhibitor of the enzyme under these conditions. On the other hand, when Mn+ was the divalent cation, the effect of nucleoside triphosphates was very similar to that observed with the B. licheniformis enzyme. Thus, as shown in Fig. 6 (Table 4) . Maximal activity was found with 2 mm ADP. It is of interest that this ADP concentration is approximately equal to the 3 mm level of MnCl2 employed. This indicates that a complex of ADP and Mn+ is an "active form" for the glutamotransferase similar to the proposed ATP-Mn+ complex for the biosynthetic reaction. With ATP as the activator, the highest level of activity was detected with 10 mm ATP which was the highest concentration tested. The possibility was considered that the latter activity was due to the presence of small quantities of ADP in the ATP solution. However, this appeared not to be the case since preincubation of the reaction mixture with pyruvate kinase and phosphoenolpyruvate had little effect on the ATP-dependent activity (Table 4 ). This treatment would convert contaminating quantities of ADP to ATP. Preincubation of the reaction mixture which contained ADP with the pyruvate kinase and phosphoenolpyruvate markedly reduced the glutamotransferase activity.
The discrepancy between our results and those of Leonard et al. (5) is not understood. Their failure to observe the glutamyl transfer reaction with ADP could be explained if their enzyme preparations contained an active adenylate kinase. In the presence of this enzyme, ADP would be partly converted to AMP which, in the presence of glutamine, is a very potent inhibitor of the B. licheniformis glutamine synthetase (3).
DIscussIoN
The complex response of glutamine synthetase activity to nucleoside triphosphates and Mn++ Other instances have been reported in which a one-to-one complex of nucleotide and divalent cation is the substrate for enzymes (10, 11) . Moreover, the importance of divalent cations in the effector responses of other enzymes, viz., isocitrate dehydrogenase (1) and phosphofructokinase (2), has been noted previously. The significance of such effects in the overall cellular regulation of enzyme activity probably deserves more attention.
